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smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all 
undiscovered before me." 
- Isaac Newton 
 
“Or speak to the earth, and it shall teach thee: and the fishes of the sea shall declare 
unto thee.” 
- Job 12:8 
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ABSTRACT 
The wetting of a rough material is controlled by surface chemistry and morphology, the 
liquid phase, solutes, and surfactants that affect the surface tension with the gas phase, 
and environmental conditions such as temperature and pressure. Materials with high 
(>150˚) apparent contact angles are known as superhydrophobic and are very resistant to 
wetting. However, in complex biological mixtures eventually protein adsorbs, fouling the 
surface and facilitating wetting on time scales from seconds to months. The work here 
uses the partially-wetted (Cassie-Baxter) to fully-wetted (Wenzel) state transition to 
control drug delivery and to perform surfactant detection via surface tension using 
hydrophobic and superhydrophobic materials. First there is an overview of the physics of 
the non-wetting state and the transition to wetting. Then there is a review of how wetting 
can be controlled by outside stimuli and applications of these materials.  Next there is 
work presented on controlling drug release using superhydrophobic materials with 
controlled wetting rates, with both in vitro and in vivo results. Then there is work on 
developing a sensor based on this wetting state transition and its applications toward 
detecting solute levels in biological fluids for point-of-care diagnosis. Finally, there is 
		 ix 
work presented on using these sensors for detecting the alcohol content in wine and 
spirits. 
		 x 
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CHAPTER 1: Stimuli-Responsive Wetting 
1.1 Introduction  
Small droplets possess very high surface area to volume ratios, and therefore 
control of surface interactions is central to their behavior. This behavior is especially 
important in which microfluidics and micro-scale sensors demands tighter tolerances in 
wetting, flow and absorption rates. Changing the surface or the liquid controls the wetting 
of smooth or rough solid surfaces have been achieved in various ways. This chapter 
reviews the successful and well-studied stimuli-responsive wetting techniques such as 
electrowetting, strain and pressure-responsive wetting, photoresponsive wetting, pH and 
temperature-triggered wetting and chemoresponsive wetting. Finally, applications of 
these technologies in research, industry, and medicine are presented with future outlooks.  
Wetting of a liquid on a solid surface is a deceptively complex phenomenon, 
involving dynamic and equilibrium surface tensions, micro and nano-topology, chemical 
heterogeneity and chemical reactions. Controlling this wettability has many potential 
applications in microfluidic devices, sensors, and drug delivery. This review is focused 
on how wetting can be controlled, and how this control can be used in sensors and micro-
scale devices. A drop of liquid on a surface spreads or contracts to realign the contact 
angle until the surface tension forces at the three phase contact line (also called the triple 
line) are balanced, as shown in Figure 1. On a smooth, flat surface, this equilibrium is 
described by Young’s Equation: cos𝜃 = γ!" − γ!"γ!"   
 
		
2 
where θ is the equilibrium contact angle and γSG, γSL, and γLG are the solid-gas, solid-
liquid, and liquid-gas interfacial surface tensions, respectively. The force balance from 
which this is derived is shown in Figure 1. Note that if γSG and γSL are nearly equal (the 
solid’s interfacial surface energy with the gas is similar that with the liquid) the contact 
angle θ will be close to 90˚. If the liquid is aqueous, solids on which θ > 90˚ are called 
hydrophobic, or hydrophilic if θ < 90˚. 
		
3 
 
Figure 1. Diagram of a liquid drop on a flat surface and the force balance on the triple 
line. 
		
4 
 
Contact angles on non-flat surfaces are described in two models: the fully wetted Wenzel 
and the partially wetted Cassie-Baxter models. The Wenzel model describes a liquid 
droplet that fully wets a rough surface, as shown in Figure 2a. The contact angle on each 
feature of the morphology is assumed to be the same as on a flat surface, θ, but the 
apparent contact angle θ* is enhanced according to the Wenzel Equation:1  
 
where r is the roughness ratio, defined as the true surface area wetted divided by the 
projected surface area. From the Wenzel Equation, a rougher surface exhibits 
exaggerated apparent contact angle differences, increased apparent contact angles for 
hydrophobic surfaces and decreased apparent contact angles for hydrophilic surfaces.  
The partially wetted Cassie-Baxter (CB) state depicted in Figure 2b has long 
been described by the Cassie’s Equation:2 
 
where rf is the roughness ratio of the wetted area and f is the fraction of the total area 
wetted. Note that apparent contact angle is similarly increased by higher roughness and as 
f approaches one, Cassie’s Equation becomes equivalent to the Wenzel Equation. The 
highest contact angles observed on flat materials such as PTFE are ~140˚, so materials 
with apparent contact angles greater than this (generally defined as θ* >150˚) are called 
superhydrophobic. Most superhydrophobic surfaces are designed to maintain the CB state 
indefinitely, which is the basis of their applications in self-cleaning and anti-fouling 
surfaces, water collection, and drag reduction. However, fouling of superhydrophobic 
cosθ*= r ⋅cosθ
cosθ*= rf ⋅ f ⋅cosθ + f −1
		
5 
surfaces occurs quickly in many applications as surfactants and proteins adsorb, often 
then transitioning to superhydrophilic surfaces, those with nearly zero contact angle that 
wet completely. 
Small droplets have high surface areas and increased internal pressure. For a 
spherical droplet the added pressure ∆P is given by the Laplace-Young equation: 
∆𝑃 = 2𝛾𝑅  
where γ is the surface tension and R is the droplet radius. This holds for small droplets 
where the influence of gravity can be neglected (γ/R >> ρgR) where ρ is the density and g 
is the gravitational acceleration.  
However, there have been demonstrations of the shortcomings of both the Wenzel 
and Cassie-Baxter Equations. For instance, it has been shown that the hydrophobicity of 
completely wetted areas do not affect water’s rise in a capillary,3 and that hydrophobicity 
and roughness of completely wetted areas do not affect the apparent contact angle.4 These 
discrepancies arise because the derivations of both Wenzel and Cassie-Baxter equations 
assume that the roughness and hydrophobicity of the wetted areas are the same as those 
on the triple line. If the areas of heterogeneity are uniformly distributed such that the 
contact line crosses them, these concerns are mitigated. The transition between Cassie-
Baxter and Wenzel states is central to many of the stimuli-responsive techniques 
described in this review.  
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Figure 2. Diagrams of droplets on rough surfaces in the a) Wenzel regime, fully wetting 
state and b) Cassie-Baxter partially wetted state. 
		
7 
There has been great interest in creating materials with the most stable 
superhydrophobic states, for applications ranging from droplet handling, drag reduction, 
water collection, and self-cleaning surfaces. Arrays of square or circular pillars are 
common and have well defined geometry, and can be manufactured with standard hard or 
soft lithography, but are limited to lower roughness ratios.5-7 Embossing is an affordable 
method that produces high roughness, though with less defined morphologies.8,9 
Electrospinning and electrospraying are also relatively affordable, and can manufacture 
large meshes or coatings with bulk porosity and hydrophobicity throughout the material, 
but tend to be more mechanically weaker.10-13 The morphology most resistant to wetting 
appears to be platforms with re-entrant edges, sometimes called ‘micro-hoodoos’, which 
possess defined geometries but require more complex manufacturing.14-16 These 
techniques and many others are used to make materials with switchable wetting discussed 
in this chapter. 
Equating the Cassie-Baxter and Wenzel equations and rearranging results in a critical 
(flat and smooth) contact angle θC, below which the liquid is predicted to be more stable 
in the wetted state:17 
cos𝜃! = 1− 𝑓𝑟! − 𝑓 
In the applications below, contact angle and the roughness are each changed to control 
wetting states. 
Advancing and receding contact angles often differ, and the difference in values is the 
contact angle hysteresis. Hysteresis is higher on rough surfaces with features or 
heterogeneities that encourage sticking or pinning of the contact line18-20 and can be 
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understood as a result of a variety of metastable states that are accessible to the contact 
line.17,21 Low hysteresis is key to facilitating droplet removal and therefore is especially 
important for droplet handling and anti-fouling applications. 
Of particular importance to response times in stimuli-responsive wetting is the 
metastable Cassie-Baxter state, where the completely wetted state is of lowest energy, but 
due to the energetic barrier posed by increasing the liquid-gas surface area this transition 
is delayed. This property has been predicted theoretically and achieved in practice, 
demonstrating that an inherently hydrophilic material can be fabricated with a 
morphology to create a high apparent contact angle.22,23 It has been proposed that the 
contact line determines the metastable θ*, while the wetted area determines is the 
equilibrium state,24 though this remains in debate.25 As an example of this metastable CB 
state, if a hydrophilic solid has a smooth contact angle θ = 80˚ and the surface has 
roughness ratio r = 3, from the Wenzel Equation we expect a fully wetted θ* = 58.6˚. 
However, if the morphology is such that 50% of the liquid is contacting air, from the 
Cassie-Baxter Equation we expect θ* = 103.9˚. If an energy input is sufficient to 
overcome the surface tension or the surface tension is decreased by a stimulus, the 
apparent contact angle will rapidly decrease from 103.9˚ to 58.6˚ as the wetting becomes 
complete.14,26,27 
 
1.2  Electrowetting 
 One method to change the wetting properties of a solid surface is electrowetting 
(EW). This term has been applied to techniques where liquids in direct contact with an 
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electrode or where electrodes are insulated using a dielectric. In either case an applied 
voltage reversibly reduces surface tension.28,29 Electrowetting has been demonstrated on 
diverse textured materials from conductive nanoporous gold30 and silicon nanowires31 to 
dielectric PTFE.32 When a voltage V is applied, the dielectric surface tension γ is given 
by Lippmann’s Equation: 
 
where γ0 is the surface tension without voltage and c is the dielectric capacitance. 
 The advantages of EW are rapid and precise responses and large changes in 
contact angles, as depicted in Figure 3. This figure depicts progress in EW, from the 
classic setup with an electrode wire inside the droplet, a patterned electrode alternative, 
and an advanced demonstration of droplet mixing and movement on a patterned dielectric 
material. Applications of EW are generally to control fluid flow, especially in 
microfluidic systems as smaller-scale alternatives to syringe pumps or in order to handle 
and mix individual droplets. EW has been used in microfluidic systems for many 
applications, including to generate and mix microdroplets,33,34 to transport biological 
liquids and perform glucose assays,35,36 to transport droplets for enzymatic assays,37 and 
to perform DNA-based amplification and detection.38 In non-biomedical areas, EW has 
been used to create electronic displays,39 and to create a surface tensiometer.40 Further, 
the degree of wetting resistance is sometimes measured by the EW voltage required to 
wet a micropatterned surface.32,41 Finally, reverse EW by forced wetting can create 
electricity, and is being investigated for military applications.42
γ = γ0 −
1
2 cV
2
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Figure 3. Diagrams of electrowetting (EW) setups a) Diagram of the classic 
electrowetting setup with a wire inserted into the droplet. b) An overhead view of an 
alternative direct EW alternative design, with alternating electrodes, both from Banpurkar 
et al.40 c) Mixing and movement of droplets on an electrowetting on dielectric device 
from Hadwen et al., from 0 to 12 seconds.34 
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1.3 Strain and Pressure-Responsive Wetting 
If an applied pressure is greater than the Laplace pressure, a liquid will wet into a 
porous material.43 Alternatively, a material can change shape and roughness in order to 
change its apparent hydrophobicity. Two of the more direct methods for controlling 
wetting are first to control the strain on the material, and secondly to apply higher 
pressure to the liquid phase. First, an elastic material may be stretched in order to change 
the feature spacing and therefore the wetting behavior. Lee et. al44 used a micropatterned, 
hydrophobic PDMS membrane which became superhydrophobic when a pneumatic 
pressure was applied that increased the roughness. Zhang et. al45 extended the strain-
response idea to woven elastic polyamide fabric that was superhydrophobic when at rest 
but wetted completely but reversibly when strained to 120%. Choi et. al46 used a similar 
approach but extended it to a material which was not only a superhydrophobic but also 
oleophobic, exhibiting θ* >150˚ with hydrocarbon liquids. They used a woven polyester 
fabric dipped in fluorodecyl polyhedral oligomeric silsesquioxane that reversibly wetted 
in response to 30% strain cycles, as shown in Figure 4. A theoretical study of a 
hierarchically rough material switching from superhydrophobic to superhydrophilic in 
response to strain has also been reported, which outlines conditions under which each 
state is thermodynamically stable.47 A related investigation used PDMS with entrapped 
fluorinated carbonyl iron particles.48 The surface was initially fairly smooth and slightly 
hydrophobic (θ* = 100˚, hysteresis of 180˚), but upon application of a magnetic field the 
surface became studded with small spikes and superhydrophobic (θ* = 160˚, hysteresis of 
10˚), as shown in Figure 5.  
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There has also been work using superhydrophobic sections in microfluidic 
devices to act as valve elements, only allowing flow with high pressure. PMMA channels 
from superhydrophobic sections created by etching and C4F8 plasma treatment, and 
superhydrophilic sections created by oxygen plasma treatment.49 These sections can be 
wetted by high pressure, after which the hydrophilic sections are rapidly wetted. Similar 
valves for microfluidics based on hydrogel swelling in response to pH, light, or 
temperature were also reviewed recently by Kieviet et. al.50 
		
13 
 
Figure 4. Mechanically responsive wetting on a polyester fabric dip coated with 
fluorodecyl polyhedral oligomeric silsesquioxane. a) Dramatic change in apparent 
contact angles with droplets of dodecane, from >150˚ to ~0˚ under 30% strain, and after 
repeated strain cycles. b) High contact angle when unstrained but c) complete wetting 
when strained 30%.46 	
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Figure 5. A magnetically-responsive surface increases roughness and hydrophobicity 
reversibly under magnetic field (0 mT left, 250 mT right).48 
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1.4 Photoresponsive Wetting 
Materials that wet in response to light also represent a large class of stimuli-
responsive materials, which has been the subject of several recent reviews.51,52 Compared 
to chemical or thermal stimuli, light has rapid response times and induces specific 
changes in the area exposed. 
Titanium dioxide (TiO2) is one of the earliest materials investigated for this 
property,53,54 and remains one of the most widely used.55 Before irradiation TiO2 has a θ 
= 72˚ but under UV irradiation, TiO2 generates hydroxyl groups on the surface and has θ 
≈ 0˚. This process is reversed after storage in the dark or application of heat. Other metal 
oxides such as WO3 and ZnO also exhibit photoresponsive hydrophilicity by a similar 
mechanism.56 By combining TiO2 with more hydrophobic coatings, multiple groups have 
demonstrated truly photoresponsive superhydrophobic to superhydrophilic materials.57 
As shown in Figure 6a and b, a surface with re-entrant pillar geometry with adhered 
microparticles, all coated with TiO2 exhibits switching between complete wetting and 
superhydrophobicity.58 An alternative approach uses TiO2 coatings on a lyophilized 
nanocellulose ‘aerogel’ is very hydrophobic (θ* = 135˚) when stored in the dark, but 
highly absorbent (θ* ≈ 0˚) after UV exposure.59 
One of the largest potential applications of these surfaces is for self-cleaning 
materials.55 As mentioned earlier, real-world applications of superhydrophobic materials 
will almost always lead to contamination and fouling, but if a stimulated, reversible 
‘cleaning cycle’ could be employed it could greatly extend the useful lifetime. In fact, a 
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cricket stadium in Dubai has employed a PFTE membrane with a TiO2 coating in order to 
utilize this effect.52 
Photoresponsive organic molecules are also quite effective in controlling wetting. 
Generally these utilize azobenzene or benzophenone groups which undergo a trans- to 
cis- isomerization after UV exposure, which is then reversed by visible light.60,61 An early 
investigation used a polyelectrolyte/SiO2 nanoparticle coating with grafted fluorinated 
azobenzenes.62 Similarly, fluorinated azobenzenes on Fe3O4 and SiO2 nanoparticles 
transition from superhydrophobic to complete wetting after UV and back under visible 
light.63 Azobenzene derivatives have also been used to create photoresponsive wrinkling 
that facilitates capillary wetting. 64 PCL-based meshes funtionalized with benzophenone65 
and nitrobenzyl groups66 have also been used to produce UV-activated wetting, as shown 
in Figure 6c and d. 
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Figure 6. a) A microstructured re-entrant surface with nanoparticles added for dual 
roughness, coated in TiO2, which b) after annealing at 60˚C for two hours, has a contact 
angle >150˚, but 10 minutes of UV light exposure creates complete wetting.16 c) An 
PCL-based electrospun mesh with increasing azobenzene derivative content exhibits 
switchable, reversible wetting.65 d) Liquids with iodine-based contrast agents remaining 
non-wetting until UV exposure as shown by µCT images.66 
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1.5  pH and Temperature-Responsive Wetting 
One of the earliest studies of stimuli-responsive wetting used polyethylene 
modified with ionizable groups to be pH-responsive.67 More recently similar techniques 
have been used on rough materials to create exaggerated wetting effects, such as gold 
modified with 1-decanethiol and 16-mercaptohexadecanoic acid,64,68 which enabled 
superhydrophobic to superhydrophilic switching between pH 1 and 13. A porous nickel 
foam functionalized in nearly the same way and shows wetting changes that are also 
displayed by the diving and resurfacing of the material in water between pH 13 and 1.69 
A glycidyl methacrylate ethylene dimethacrylate bulk polymer, coated with lauryl 
methacrylate and small amounts of 10-undecylenic acid is pH responsive, allowed 
switching between ~141˚ at pH 7 and ~0˚ at pH 14.70 An electrospun mesh of poly[2-
(diisopropylamino)ethylmethacrylate] has been shown to switch between 
superhydrophobic at pH 12 and superhydrophilic at pH 2.71 Taking an alternate approach, 
an underwater superoleophobic (>150˚ apparent contact angle with oils in water) material 
has been developed which has low hysteresis except when the pH is high, temperature is 
high, or ionic strength of the water change.72 
Temperature-responsive coatings often use poly(N-isopropylacrylamide) 
(PNIPAAm), which is soluble in water but due to the lower critical solution temperature 
(LCST) effect becomes hydrophobic and insoluble temperatures above 30-32˚C. One 
common application of these materials has been used to create a gentle cell detachment 
without the need for enzymes.73 PNIPAAm has also been employed to control wetting 
along with hydrophilic poly(acrylic acid),74 with hydrophobic fluoroalkylsilane75 
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electrospun into fibers,76 coated onto cotton fabric.77 The latter study succeeded in 
creating superhydrophobic to superhydrophilic switching between 25 and 60˚C, as shown 
in Figure 7. 
However, PNIPAAm is also pH-sensitive and its LCST shifts lower in basic 
conditions,78 so there are multiple studies of combination stimuli. A PNIPAAm-coated 
surface was shown to be responsive to temperature, pH, and also glucose concentration.79 
One study investigated methanol rather than low pH to regenerate the wetting 
condition,80 and another tested the effects of both temperature and cyclodextrin 
concentration as stimuli.81 
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Figure 7. PNIPAAm-coated cotton fabric a) exhibiting reversible switching from 
superhydrophilic to superhydrophobic, b) demonstrating high contact angle at 60˚C, and 
c) adhering water to the fabric. 
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1.6 Chemoresponsive Wetting 
The simplest trigger for changing contact angle and therefore wettability might be 
addition of a surfactant. As discussed in Chapter 2, drug delivery can be controlled by 
slow wetting of a bulk electrospun mesh, the rate of which is increased as protein content 
and mechanical agitation increases.82 Further, as explained in Chapters 3 and 4, changes 
in wetting state on electrospun meshes due to small differences in surfactant levels have 
promising applications as point-of-care and home testing sensors.83 A similar application 
is driving development of electrospun alginate meshes that unroll and change color in 
response to heavy metal contamination.84 
Alternatively, surfactants can be generated in response to a stimulus. 
Acetamidines form hydrophilic groups in the presence of carbon dioxide, and have 
shown to form chemoresponsive surfactants, a reaction which is reversible as CO2 
concentration decreases.85,86 Similar to pH-triggered wetting, ion exchanges can create 
wetting switches.87 Using micropatterned copper, Yan et. al88 created superhydrophobic 
surfaces that switched to superhydrophilic after immersion in hydrogen peroxide and 
could be regenerated using hydrazine. The disadvantages of chemoresponsive wetting are 
generally a slower response than electrical or light activation, often the need for large 
concentration differences, and much less control over the area stimulated. However, they 
have the advantage of responding directly to a chemical change without electrical 
transduction or additional sensors needed. 
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1.7  Conclusion 
In summary, there are multiple modes of stimuli-responsive wetting that have 
been developed using a variety of materials. Electrowetting is well developed and 
responds rapidly in desired locations on a variety of dielectric materials, but requires 
more complex instrumentation and manufacturing. Photoresponsive wetting is also rapid 
and area specific, but is limited to surface effects or clear materials. Strain and pressure 
can rapidly change the surface roughness, but this is usually a bulk effect of the entire 
material. Thermal-triggered wetting is slightly slower offers less control over the 
activated area. Chemoresponsive wetting is slower but can work in a bulk material 
without transduction, but may require large concentration or pH changes to provide full 
responses. Of these technologies, if droplet handling and low hysteresis is desired for a 
microfluidic system, electrowetting is the best developed and can provide precision 
control.  
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CHAPTER 2: Layered Superhydrophobic Meshes for Controlled Drug Release 
 
Adapted from Falde, E. J. et al. Layered superhydrophobic meshes for controlled drug 
release. J. Control. Release 214, 23–29 (2015). 		
2.1 Introduction  
Lung cancer is the most commonly diagnosed cancer and the most common cause 
of cancer deaths, with an estimated 1.61 million new diagnoses and 1.38 million deaths 
worldwide in 2008.89 For the roughly 80,000 patients diagnosed with early-stage (stage I 
and II) disease each year in the U.S.,90 surgery is the most effective treatment, whereas 
chemotherapy is the primary treatment for later stage patients.91,92 Surgeons must remove 
the cancer while preserving as much lung tissue as possible, particularly in cases where 
lung function is limited. In these cases, a wedge of tissue is removed including a small 
rim of lung tissue around the cancer. This results in a “limited margin” between the tumor 
and the resection line, with a subcentimeter margin correlating with an increased risk of 
local cancer recurrence.89,93 The prognosis of recurrent NSCLC is extremely poor, and 
surgery to remove recurrent disease is rarely performed due to clinical and technical 
limitations.92 Overall, patients with early, staged I or II non-small-cell lung cancer 
(NSCLC) have a five-year local recurrence rate of 23%.94 Accordingly, a strategy to 
prevent cancer recurrence at the surgical margin would benefit thousands of patients 
annually, as shown by the improved outcomes following the application of brachytherapy 
seeds along the surgical margin at the time of limited surgical resection. In stage IA 
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NSCLC patients with larger (2-3 cm) tumors, this treatment significantly increased 
survival following surgery (from 44.7 to 70 months).95 However, clinical acceptance of 
brachytherapy has been limited by the concerns of radiation exposure to health care 
professionals and the technical and regulatory challenges of this approach.96 Building off 
this success, our goal is therefore to design an easy to use, regulatory-friendly, 
chemotherapeutic delivery system to prevent local recurrence. 
We envision the use of a drug-loaded buttressing device that is stapled into the 
resection margin as the wedge resection is performed using a standard surgical stapler. In 
order to achieve this goal, the following design criteria are required for the drug-loaded 
buttressing material:  a) elute minimal drug during the first 10 days of wound healing; b) 
subsequently elute drug over several weeks in order to expose any remaining tumor cells 
to the drug over several cell cycles; c) be readily processed into a polymeric structure that 
can be stapled into tissue by the surgeon; and d) not elicit an adverse reaction after 
implant. We are exploring two potential form-factor solutions for this unmet clinical need 
– films97,98 and meshes.11,99 Both form-factors are composed of hydrophobic, 
biocompatible, and biodegradable polymers poly(glycerol monostearate-co-ε-
caprolactone), or PGC-C18, and poly(ε-caprolactone), or PCL,  to prolong the delivery of 
anticancer agents. The former represents a cast film of a drug loaded polymer solution on 
a collagen buttressing material used to prevent air-leaks. In contrast, and as a means to 
further control drug delivery, meshes are electrospun into a fibrous morphology where 
the porosity and inherent hydrophobicity create a superhydrophobic material that slows 
wetting and subsequent drug release. Thus, these meshes offer the potential benefit of 
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being both a lung buttressing material as well as a delivery device to tailored drug 
release, which can be fabricated in a single processing step. 
Superhydrophobicity is a property of several natural materials such as lotus 
leaves, water strider legs, and gecko feet.100,101 These surfaces possess micrometer and/or 
nanometer features, resulting in roughness that magnifies their hydrophobic character by 
creating an energetically unfavorable increase in liquid-air surface area before wetting. If 
the apparent contact angle (θ*) exceeds 150˚, the materials are commonly called 
superhydrophobic.100 When roughness is increased sufficiently, the air-liquid interface is 
stabilized, which inhibits or stops wetting, and the material enters what is known as the 
Cassie-Baxter state. Superhydrophobic materials are useful in applications such as non-
fouling coatings, low-drag surfaces, and microfluidics.102-112 In our case, we are 
interested in 3D bulk structures (i.e., meshes) composed of layers of electrospun fibers 
that are superhydrophobic throughout. In contrast to most other approaches113 to 
superhydrophobic materials, our design does not depend on indefinite maintenance of the 
Cassie-Baxter state; instead it is designed to be metastable with a controlled wetting rate 
where  fibers in the core release drug once wetted.  
Control of drug release from a porous superhydrophobic material has been 
demonstrated in earlier papers11,99 from our group using SN-38 and CPT-11, and by the 
Lynn group using hydrophilic small molecules TMR and 2-ABI.114 Layered electrospun 
meshes have been designed for sequential and delayed drug release, but without intent to 
use superhydrophobicity as a means of control.115,116 Building off of these results we are 
evaluating layered superhydrophobic material for controlled drug release. As drug release 
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will be dependent on wetting, we hypothesized that by controlling the superhydrophobic 
metastable state the rate of wetting could be controlled (and thus drug release).  In this 
study we report the design, fabrication, and evaluation of layered electrospun polymeric 
meshes containing a chemotherapeutic agent within the fibers of a central core layer 
surrounded by layers of unloaded fibers. This design was intended to slow initial drug 
release, while later providing robust delivery of local chemotherapy. In this study we 
employ a chemotherapeutic agent that has proved difficult to deliver in traditional 
formulations due to low aqueous solubility: 7-ethyl-10-hydroxycampothecin (SN-38). 
SN-38 is the active metabolite of irinotecan, which is used clinically in the treatment of 
colon, rectal, and lung cancer but is 1000 fold less active than SN-38.117-119 Specifically, 
we describe the fabrication of layered meshes, the resistance to mesh wetting as measured 
by X-ray CT imaging, the elution of a sustained and controlled amount of SN-38 in saline 
and serum solutions under both static and agitated conditions, the cytotoxic activity 
against lung cancer cells in vitro, and the results from a 28 day subcutaneous implant 
biocompatibility study. Finally, we discuss these results in relation to our drug-device 
design requirements, the potential limitations of this system, and propose solutions for 
further testing. 
 
2.1 Materials and Methods 
For each mesh layer, thickness vs. time was calibrated immediately beforehand by 
electrospinning a mesh for a known time and measuring thickness. Fiber diameters 
ranged from 1.4 to 5.3 µm, are named as shown in Table 1 and as detailed in Table 2. 
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The hydrophobic caprolactone copolymer poly(glycerol monostearate-co-ε-
caprolactone) (1:4) (PGC-C18) was polymerized and functionalized, as described 
previously.120 Briefly, ε-caprolactone was mixed with 5-benzyloxy-1,3-dioxan-2-one at a 
4:1 molar ratio, before tin(II) 2-ethylhexanoate in toluene was added at 1:500 molar ratio 
to total monomer and stirred at 140˚C under nitrogen to form a random copolymer. The 
polymer was deprotected by hydrogenation with a palladium on carbon catalyst under 50 
psi hydrogen. Finally, stearic acid was conjugated via Steglich esterification using 
dicyclohexylcarbodiimide (DCC) onto the glycerol secondary alcohol. The molecular 
weight (MW) using size exclusion chromatography was found to be 25-53 kDa.  
Also, SN-38 is fluorescent in the long UV band, aiding quantification, and we 
have used it here in the majority of our drug release studies. For this study, low solubility 
was not a limiting factor given the hydrophobicity of the base polymer, high potency 
against lung cancer, and ease of quantification made it an attractive model drug for our 
release studies. 
To electrospin the meshes, PCL (70-90 kDa, Sigma) was blended with PGC-C18 
at 0, 10 or 30 wt% in a 5:1 (v:v) mixture of chloroform:methanol for solutions of 0.15-
0.25 g/ml polymer. For drug-loaded layers, SN-38 was dissolved in this polymer solution 
at 1 wt% to polymer. This solution was pumped through an 18-gauge blunt needle at 10 
ml/hr, which was clipped to a high voltage source (5-22 kV) at a distance of 5 to 25 cm 
from the target. The target was aluminum foil on a grounded drum 4 cm in diameter, 
which rotated and translated to create a mesh ~25 cm square. For layered meshes, 
separate shield and core solutions were electrospun from opposite sides of the target at 
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alternating times but overlapping for 15 seconds during each switch to prevent 
delamination. Thicknesses were measured with calipers, and layer thicknesses were 
found to be linear with time (Figure 21). These measurements were repeatable, but 
because the calipers compressed the mesh slightly, the thickness indicated via SEM is 
greater. 
 
Table 1. Names, compositions, and thicknesses of selected meshes are presented. The 
subscripts refer to core layer thicknesses in micrometers, and number, for example, 30 
refers to a polymer blend of 30% PGC-C18 with 70% PCL by mass. The complete listing 
with contact angles and fiber diameters is shown in Table 2. 
Mesh Name Core Shield 
PCL90 core 90 µm PCL none 
PCL-PCL90-PCL 90 µm PCL 150 µm PCL 
10-PCL90-10 (75 µm) 90 µm PCL 75 µm 10% PGC-C18 
10-PCL90-10 90 µm PCL 150 µm 10% PGC-C18 
10-PCL90-10 (300 µm) 90 µm PCL 300 µm 10% PGC-C18 
30-PCL90-30 90 µm PCL 150 µm 30% PGC-C18 
30300 core 300 µm 30% PGC-C18 none 
30-30300-30 300 µm 30% PGC-C18 150 µm 30% PGC-C18 
30-PCL300-30 300 µm PCL 150 µm 30% PGC-C18 
 
Each in vitro drug release was performed in quintuplicate with 1-cm squares that 
were weighted down and incubated at 37˚C. Release studies were performed in each of 
three different conditions: in phosphate-buffered saline (PBS), in 10% fetal bovine serum 
(FBS) (with 100 I.U./mL penicillin and 100 µg/ml streptomycin in PBS), and the same 
10% FBS while also agitating continuously at 200 rpm on an orbital shaker (IKA Vibrax 
VXR, 4mm rotation diameter). Initial drug loading was quantified by dissolving meshes 
in dichloromethane and measuring fluorescence with λEX = 360 nm and λEM = 420 nm. 
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Encapsulation efficiency was >90% for all meshes. Release into PBS was quantified by 
fluorescence at λEX = 380 nm and λEM = 540 nm using reverse phase HPLC (HP 1090 
HPLC, C-18 column with 60% 0.075mM ammonium acetate and 40% acetonitrile (v:v)), 
excepting the PCL90 condition which was measured as the FBS samples were. The 
carboxylate and lactone peaks were integrated separately and compared to separate 
standard curves made in pH 9 and pH 3 buffers, respectively. The two FBS conditions 
were quantified by diluting at least 4x in pH 9 borate buffer, and measuring fluorescence 
on a Photon Technology Inc. fluorimeter with λEX = 380 nm and λEM = 550 nm. SN-38 
levels were maintained below 3.6 µg/mL (solubility in PBS has been reported121 as 36 
µg/mL) to assure sink conditions in all cases. In addition to adsorbing and fouling to 
speed wetting, the serum proteins and surfactants likely also increase SN-38 solubility, 
and indeed we have observed concentrations >60 µg/mL (not shown). After 100 days, the 
meshes that had still not reached a plateau in release were wetted with 1.0 mL ethanol for 
5 minutes, which was mixed with the original release media and immediately sampled.  
In vitro cytotoxicity was measured by exposing Lewis lung carcinoma (LLC) 
tumor cells to meshes for 24 hours and measuring viability using the MTS metabolic 
assay. LLC cells were seeded at 3,000 cells/cm2 in 12-well tissue culture plates, and 
incubated for 24 hours in 1 mL media comprised of Dubecco’s Modified Eagle’s 
Medium (ATCC, Manassas, VA) supplemented with 10% FBS (Atlanta Biologicals, 
Atlanta, GA), 2 mM L-glutamine, 100 I.U./mL penicillin, and 100 µg/ml streptomycin 
(Sigma). The media was changed and cells were then exposed to meshes for 24 hours, 
before meshes were removed and the cells were incubated for an additional 24 hours 
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without a media change. Viability was measured using the CellTiter 96; AQueous One 
(Promega Corp., Madison, WI) metabolic assay according to the manufacturer 
instructions. Viability was calculated by dividing the absorbance at 492 nm of sample 
wells by the absorbance of untreated control wells, after the blank absorbance was 
subtracted from each. When not exposed to cells, meshes were incubated in media under 
agitation and media was changed regularly to ensure sink conditions.  
Sessile contact angles were measured on a Kruss DSA100 Goniometer using 
Tangent 2 fitting using deionized water in 3µl drops. The meshes tested were 600 µm in 
thickness, with a 300 µm core (from a time vs. thickness calibration, see Figure 21). 
Cross-section images were prepared by cutting meshes submerged in liquid nitrogen and 
topography was imaged using scanning electron microscopy on a Zeiss Supra 40VP.  
CT imaging at 18 µm resolution was performed on a µCT-40 (Scanco, Zurich, 
Switzerland) and processed with Analyze 11.0 (Analyzed Direct, Overland Park, KS). 
Meshes were submerged in a mixture of 10% FBS (by volume), 25% visipaque contrast 
agent, and 2% anti-micromial/antimicotic in PBS (Sigma), which was measured on the 
goniometer to have a surface tension of 56 mN/m (similar to that of a serum solution 
alone) and incubated under agitation as in the release study.122 Meshes were removed 
periodically for imaging and each mesh was gated into core and shield regions based on 
known thicknesses, and the liquid infiltration rate for each was determined by totaling 
voxels above an attenuation threshold. 
In vivo tissue integration and reaction was assessed by subcutaneous implantation 
and histological analysis. All animal experiments were approved and conducted in 
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accordance with the guidelines for humane care and use of laboratory animals from the 
Institutional Animal Care and Use Committee. Anesthetized under ketamine, Sprague-
Dawley rats received subcutaneous dorsal implants of 1.0 cm squares of the 30-30300-30 
mesh that either contained no drug, 92 µg SN-38, or no mesh but 92 µg SN-38 dissolved 
in 50 µL cremophor EL-ethanol (1:1). Four weeks after implantation, rats were 
euthanized and meshes were explanted, fixed in paraffin, and stained with Masson’s 
trichrome. In vivo wetting was imaged directly using explants from mice receiving 
unloaded mesh implants as above that were sacrificed after 24 hours, as well as dead 
mice in which a mesh was implanted and immediately imaged. The explants were 
scanned as above on a µCT-40 (Scanco, Zurich, Switzerland) and processed with 
Analyze 11.0 (Analyzed Direct, Overland Park, KS). 
To directly test the efficacy of both these and superhydrophobic, drug-loaded 
meshes, we employed a prevention of recurrence model we have previously developed.98 
All animal studies were approved by the Institutional Animal Care and Use Committee of 
Dana-Farber Cancer Institute, and all animal care was performed humanely and in 
accordance with the designated and approved standards. Female C57BL/6J mice at six to 
eight weeks of age were obtained from Jackson Laboratories (Bar Harbor, Maine). Mice 
were anesthetized with intraperitoneal injection of ketamine (120 mg/kg) and xylazine (7 
mg/kg). A 0.8 cm wide subcutaneous pocket was prepared by blunt dissection under 
sterile conditions between the shoulders on the dorsum of the mice. Then a 0.8 x 1.0 cm 
30-30300-30 mesh was inserted into the pocket and the incision was closed by 5-0 
polypropylene sutures. The mice were randomly assigned to receive one of the following: 
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1) a mesh containing 92 µg/cm2 (73.6 µg total) SN-38, 2) a mesh containing 375 µg/cm2 
(300 µg total) paclitaxel, or 3) a mesh containing no drug but 300 µg paclitaxel in 
cremaphor/ethanol by intraperitoneal injection.  
 
 
2.2  Results and Discussion 
As discussed below, our approach to locally tuned chemotherapeutic delivery, 
with the ultimate goal of preventing local tumor recurrence, entails using a triple-layered 
electrospun mesh containing an inner drug core with two outer non-drug layers. The 
resultant control of the wetting rate of the mesh leads to a marked delay in drug release 
with prolonged kinetics. Given that the average doubling times of rapidly growing 
NSCLC tumors are  reported to be between 46 and 181 days,123-126 it is important that 
cell-cycle specific drugs such as SN-38 are present for many weeks in order to prevent 
local growth of any occult tumor cells. Further, low local drug concentrations resulting 
from systemic chemotherapy are correlated with higher cancer recurrence,127 highlighting 
the need to increase drug concentration locally via the use of an implantable drug loaded 
device at the resection margin. Therefore, as a proof of concept for our studies utilizing 
these superhydrophobic meshes, we have chosen to target 60 days of chemotherapeutic 
delivery using SN-38 as a model drug. We begin with a discussion of mesh fabrication, 
characterization, and wettability, followed by drug release from layered and non-layered 
meshes under static and dynamic conditions in the presence of saline or saline with 
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serum, the cytotoxicity of these meshes in vitro, and, finally, the in vivo response of these 
meshes after implantation.  
 
2.2.1  Mesh Fabrication and Characterization  
The meshes were prepared by electrospinning chloroform:methanol solutions of 
PCL and various mixtures (0, 10 or 30 wt%) of PGC-C18 (Figure 8A). For drug-loaded 
layers, SN-38 was dissolved in the polymer solution at 1 wt% to polymer and the three 
layers of mesh (two unloaded shield layers and one drug-loaded core layer) were 
fabricated in a continuous manner. The structure of a representative layered mesh is 
shown in Figure 8B. Scanning electron microscopy shows the drug-loaded PCL layer 
(slightly thicker fibers) between two shield layers of 30% PGC-C18 on left and right. The 
two compositions (unloaded and drug loaded) are co-electrospun for 15 seconds between 
layers to minimize delamination. The apparent contact angle of the different mesh 
formulations as measured with deionized water is shown in Figure 9, where the upper 
points (solid symbols) indicate advancing contact angles which increases as a function of 
more PGC-C18 content and smaller fiber diameter. The lower set of points (open 
symbols) denotes the receding angles, and a similar trend is observed. The vertical lines 
represent the difference between the two angles, hysteresis, which decreases with higher 
PGC-C18 content. Hysteresis is caused by “asymmetry of wetting and dewetting and the 
irreversibility of the wetting–dewetting cycle,”100 and greater values indicate a less robust 
Cassie-Baxter state.  
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Figure 8. A) PGC-C18 and PCL polymer structures. B) SEM image of the edge of a 
sectioned layered mesh, 30-30300-30. The central layer is SN-38 loaded PCL, between 
non-drug-loaded shield layers of 30% PGC-C18. Scale bar is 500 µm. Inset, the 
advancing contact angle on the shield layer (151.0˚).   
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Figure 9. Sessile water contact angles versus polymer blend and fiber diameter. As 
measured using the Tangent 2 fitting algorithm, the upper filled points represent the 
advancing contact angle, the lower open points the receding contact angle, and the length 
of the connecting lines is the hysteresis. Generally, as more PGC-C18 is doped in, the 
contact angles increase and hysteresis decreases. Error bars indicate standard deviations, 
with n > 15 fibers for diameter and n ≥ 3 meshes for contact angles. 
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2.2.2 Drug Release into Saline and Serum Solutions  
The first set of drug release studies tested the effect of shield layer thickness on 
SN-38 release. A 90-µm thick core of PCL (PCL90 core) with SN-38 was layered 
between shield layers of 10% PGC-C18 of varying thickness. As shown in Figure 10, 
increasing the thickness of 10% PGC-C18 afforded a decrease in drug release rate. The 
bare core layer (in blue) has an initial burst release of ~25% within 24 hours and 
complete release occurred within ~20 days. Layering the core between unloaded 75 µm 
meshes does not considerably change this timing. Unloaded shield layers that were 150 
µm thick extended the time of SN-38 release to ~50 days. Wetting with ethanol at 80 
days did not cause any increased release, indicating that the mesh was wetted and the 
majority of drug had released. With 300 µm thick layers on either side of the drug-loaded 
core, there was still metastable air that could be displaced with an ethanol treatment after 
100 days of immersion (at the black arrows), as indicated by the resultant increase in drug 
release.  
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Figure 10. SN-38 release into static PBS with varying shield layer thickness. Drug was 
loaded in a 90-µm thick PCL core and thickness of the surrounding 10% PGC-C18 shield 
layer was increased. Black arrows indicate wetting with ethanol. Error bars represent the 
standard deviation of n=5 for each group. 
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Next, the effect of shield layer polymer composition was examined while keeping 
thickness constant. The same PCL90 core loaded with SN-38 was layered between 150-
µm thick unloaded meshes of either pure PCL, or PCL blended with 10% or 30% of 
PGC-C18, a hydrophobic dopant, as shown in Figure 11. The bare core and 10% data are 
the same as in Figure 10. Unloaded layers of PCL only extended release marginally, but 
if the shield layer fibers were composed of 10% PGC-C18, the release profile was 
extended to ~40 days. Increasing the dopant percentage to 30% PGC-C18, yielded <10% 
release over 100 days. Subsequent wetting of the mesh with ethanol and submersion into 
the aqueous solution resulted in an immediate burst release of drug. These results further 
demonstrate that readily releasable drug was retained within the mesh for a prolonged 
period of time, but release is delayed by the inhibition of wetting.  
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Figure 11. SN-38 release into static PBS as a function of shield chemistry, with a 90 µm 
thick PCL core and 150 µm thick shield layers. Wetting with ethanol at the black arrows 
caused an immediate drug release in the more hydrophobic 30-PCL90-30 mesh. Error bars 
represent the standard deviation of n=5 for each group. 
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To better model the physiological milieu and the effect of surface fouling and the 
presence of surfactants on the drug release profiles, we submerged the drug loaded 
meshes in 10% fetal bovine serum (FBS) and measured the drug release over time, as 
shown in Figure 12. Serum proteins, such as albumin, are known surfactants and are 
expected to both increase the wetting rate and also increase drug solubility. The media 
was changed to ensure sink conditions with SN-38, which was maintained below 3.6 
µg/mL, which is 10% of the reported solubility in PBS.121 We tested the same meshes as 
before (PCL-PCL90-PCL, 10-PCL90-10, and 30-PCL90-30) with 150 µm thick shield 
layers surrounding a 90 µm thick PCL core loaded with 1 wt% SN-38. The layered PCL 
mesh released SN-38 the most rapidly with the addition of serum roughly doubling the 
release rate (see Figure 22 for a plot of rates). Approximately 30% of drug was released 
within 24 hours with drug release completed within ~10 days. This increase in rate is 
likely a result of surfactant absorption on the mesh as well as fouling the surface and 
increased mesh wetting rate as immersion in 10% serum decreases the the advancing 
contact angle reduces from 151˚ to 134˚ after 15 minutes, then to 106˚ after one hour. 
Replacing the outer layers with a 10% PGC-C18 blend increased the hydrophobicity 
enough to prevent the initial burst release and extend release by a few extra days. 
However, changing the shield layer composition to 30% PGC-C18 prevented any 
detectable drug for the first two days, with less than 10% drug release, despite the 
presence of serum, during the next 11 days. A more rapid release subsequently occurred 
that resulted in complete release of drug within ~30 days. 
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Figure 12. Drug release into static 10% FBS from layered meshes with 90 µm PCL cores 
and 150 µm thick shield layers. The air layer in the 30-PCL90-30 meshes is no longer 
stable over 100 days due to the lowered media surface tension, but is instead metastable 
and releases over about 25 days. Error bars represent the standard deviation of n=5 for 
each group. 
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We next tested the effects of mechanical agitation to further simulate stresses that 
might occur after implantation. The meshes were incubated in a 10% FBS solution that 
was subjected to energy input in the form of constant agitation at 200 rpm. Both static 
and oscillating pressures have been shown to increase the wetting rate of 
superhydrophobic materials.128,129 This frequency is in the range of the murine respiration 
rate,130 (though higher than human respiration rate131 of ~12/min) and the displacement 
(~3 cm radius) is greater so the acceleration is greater than is likely to be experienced in 
vivo. 
We hypothesized that agitation would increase wetting due to contact angle 
hysteresis, as agitation advances the contact line that is then pinned to the fibrous 
topology.132,133 However, the meshes are designed to stabilize entrapped air only 
temporarily, and to be wetted and release drug over time. Again the same 30-PCL90-30 
mesh was tested, and agitation markedly increased the release rate, requiring ~25 days for 
drug release under static conditions but only ~15 days with agitation as shown in Figure 
13 and Figure 22. To assess whether drug delivery could be prolonged under these more 
aggressive conditions, we tested the hydrophobic mesh with 30% PGC-C18 in all three 
layers (30-30300-30). A thicker core mesh layer was selected to contain a greater amount 
of SN-38 in anticipation of the forthcoming in vitro cell assay studies. As seen in Figure 
13, comparison of the 30-30300-30 and 30-PCL90-30 formulations demonstrated 
significantly slower release with the more hydrophobic core layer with SN-38 release 
prolonged to ~ 40 days in FBS with agitation. As expected both layered meshes released 
drug more slowly than the un-layered 30% core. Unexpectedly however, the change to a 
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30% PGC-C18 core layer reduced the overall release to about 60% of loading, compared 
to complete release from the PCL core. Incomplete drug release from PCL is reported, 
and is more common with lower molecular weight and more crystalline polymers.134 In 
our case, the PCL is much higher molecular weight and likely less crystalline than the 
PGC-C18, which will entrap the drug possibly until the polymer itself is degraded.  
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Figure 13. Drug release into agitated 10% FBS. Release is faster again than in static FBS 
solution. A layered mesh with a more hydrophobic, 30% PGC-C18 core (30-30-30) 
releases much more slowly than the 30-PCL-30, and the un-layered core releases quicker 
than both. The derivatives of these data are shown in Figure 22. Error bars represent the 
standard deviation of n=5 for each group. 
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Figure 14. Infiltration of a serum and contrast agent (purple) solution into two meshes 
while air (red) is displaced. Top, 30-PCL300-30 exhibits rapid wetting of the more 
hydrophilic PCL core layer. Bottom, 30-30300-30 exhibits uniform wetting from the 
outside in a delayed fashion due to the constant bulk hydrophobicity. The scale bars each 
indicate 1.0 mm. 
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To assess the rate at which the core wets (and thus initiation of drug release) 
based on the hydrophobicity on mesh, the infiltration of aqueous media into the different 
layers of 30-PCL300-30 and 30-30300-30 electrospun meshes was directly imaged using 
contrast-enhanced micro computed tomography (µCT). The addition of unloaded 
layering slowed the infiltration of the aqueous solution into the drug-loaded core of either 
mesh but, as shown in Figure 14, the more hydrophilic PCL core wetted fully in about a 
week whereas the mesh composed entirely of 30% PGC-C18 (i.e., 30-30300-30) wetted 
the slowest, requiring nearly a month to become fully wetted. Since the drug was present 
only in the core layer and a fiber can only release drug after it wets, the core wetting was 
rate limiting for overall drug release. Accordingly, we further analyzed the CT imaging 
data to gate for extent of core wetted at each time. The results in Figure 15 indicated that 
the drug-loaded core layer exhibited a delay in wetting with both formulations, but the 
30% PGC-C18 core remained virtually dry for nearly two weeks. Comparing this wetting 
release to the SN-38 release shown in Figure 6, we find good agreement between the 
wetting of the core and the release of drug. It should also be noted that this wetting rate is 
much greater than that in PBS alone using very similar meshes.135 
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Figure 15. Wetting rate of the core in the triple layered mesh as determined from the 
µCT imaging data. While both meshes exhibited an initial delay in wetting, the more 
hydrophobic 30% PGC-C18 core was not appreciably infiltrated for the first 10 days. 
Error bars represent the standard deviation of n=3 for each group. 
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2.2.3 In Vitro Anti-Cancer Efficacy 
Next we evaluated the cytotoxicity of SN-38-loaded 30-30300-30 layered meshes 
and 30300 core unlayered meshes by incubating the meshes with Lewis Lung Carcinoma 
(LLC) cells in serum-containing media. When not exposed to cells, the meshes were 
subjected to sink conditions in agitated cell culture media containing 10% serum, a more 
rigorous test than typical cell culture conditions. As shown in Figure 16, the SN-38-
layered mesh maintains cytotoxicity for at least 20 days, much longer than the unlayered 
mesh. This confirms the cytotoxic potential of superhydrophobic, layered meshes against 
lung cancer cells with superior performance compared to unlayered meshes. The time 
that unlayered and layered meshes remain cytotoxic (~15 and ~30 days respectively) is 
remarkably similar to the time for complete wetting of the core as shown in Figure 15. 
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Figure 16. Viability of LLC cells after exposure to SN-38-loaded layered and un-layered 
meshes, as measured by the MTS assay. Error bars represent the standard deviation of 
n=5 for each group.  
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2.2.4 In Vivo Integration 
Meshes with and without SN-38 were implanted subcutaneously in rats to monitor 
tissue integration and foreign body response, a key step prior to evaluating in vivo 
efficacy. The meshes were the same 30-30300-30 composition that was evaluated in the 
previous studies. A control group receiving an equivalent dose of SN-38 was also 
performed, where the animals received a subcutaneous injection of SN-38. Meshes were 
explanted 28 days after implant, embedded and stained with Masson’s trichrome. The 
polymeric mesh dissolved during the histology processing but the outline of the mesh can 
be seen in the subcutaneous tissue (Figure 17 and Figure 18). The rectangular margins 
suggested that unloaded or SN38-loaded meshes were able to maintain their shape and 
stay in a fixed position throughout the 28 day in vivo drug release process. There was also 
evidence of disperse extracellular matrix growth throughout the mesh suggesting 
complete wetting of the material by 28 days (Figure 17). Cellular ingrowth was observed 
near the margins of the mesh without drug (Figure 18), with a few cells within the 
disperse extracellular matrix throughout the mesh (not shown), altogether indicating that 
the mesh was hospitable for cell growth after wetting. Both meshes showed similar and 
low levels of fibrosis. These results were consistent with reports of biocompatibility of 
electrospun PCL-based meshes.136,137 Notably, there was no perturbation of surrounding 
subcutaneous tissues and subjacent muscle that was observed in the injection controls 
(Figure 25 and Figure 26). There was also no evidence of a chronic inflammatory 
reaction, suggesting that drug release from the mesh will not be entrapped within a 
reactive fibrotic capsule. In contrast to the unloaded and SN-38 loaded meshes, the 
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animals that received SN-38 alone showed fibrosis and myolysis at the injection site 
(Figure 25).  
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Figure 17. Histological section of an SN-38-loaded mesh (92 µg/cm2, 1 cm2) after 28 
days of implantation, stained with Masson’s trichrome. A diffuse ingrowth can be seen 
within the mesh structure, surrounded by mild fibrosis. The scale bar is 200 µm. 
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Figure 18. Histological section of the lateral edge of an unloaded 30% PGC-C18 mesh, 
28 days after implantation, stained with Masson’s trichrome (200x, scale bar is 50 µm). 
Fibrotic reaction was similar or slightly increased compared to that of an SN-38 loaded 
mesh shown in Figure 10. The arrow indicates the area of largest cell ingrowth.  
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2.2.5 In Vivo Prevention of Cancer Establishment 
The prevention of LLC cancer establishment using drug-loaded meshes was 
evaluated in a mouse model we have previously reported. 98 Mice received 
superhydrophobic meshes containing SN-38, or paclitaxel (Pax), or unloaded control and 
systemic paclitaxel (Pax-C/E). The Kaplan-Meier plots of freedom from primary tumor 
and overall survival are shown in Figure 19a and b, respectively. These results showed 
that there was an increase in survival from only the paclitaxel-loaded mesh compared to 
the unloaded mesh with systemic paclitaxel. This could be a result of 1) paclitaxel being a 
more effective treatment than SN-38 for this cell line, 2) higher drug loading in the 
paclitaxel mesh (375 µg pax vs. 92 µg SN-38), or 3) slower release of pax compared to 
SN-38. However, the survival increases for the paclitaxel mesh are less than might be 
expected given the in vitro data. 
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Figure 19. Kaplan-Meier plots of a) freedom from primary tumor and b) overall survival 
in an LLC tumor establishment model. By both measures, the SN-38 meshes were not 
significantly different (p > 0.05) from the unloaded mesh with systemic paclitaxel 
control. However, the local paclitaxel meshes did significantly improve tumor free (p = 
0.018) and overall survival (p = 0.016). 
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As a means to more directly measure the wetting state of the meshes after 
implantation, µCT was used to image the absorptivity within the meshes over time. First, 
an unloaded 30-30300-30 mesh was implanted subcutaneously in the dorsum of a deceased 
mouse, the cavity was filled with PBS, and the mouse was immediately scanned by µCT. 
As shown in Figure 20, the mesh area is immediately visible by a radiolucent (black) 
area that matches the size of the mesh. However, 24 hours after implantation there is very 
little radiolucent area remaining, suggesting rapid wetting. Removal of the mesh from 
these explants revealed the meshes to be darker and appeared wetted through. Wetting of 
the meshes within a day or two after implant would explain the lower than expected 
efficacy demonstrated in Figure 19. Though testing in 10% FBS with agitation is a 
challenging condition to maintain superhydrophobicity, it seems the in vivo environment 
is much more demanding, leading to rapid wetting. 
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Figure 20. Wetting of 30-30300-30 meshes after implant over time. At left, a mesh 
immediately after implantation is radiolucent, and measures 7.4 x 0.85 mm (AB and CD, 
respectively), as expected. Right, after 24 hours there is hardly any radiolucent area 
visible. The black areas outlined in the red oval may be a result of some non-wetted mesh 
volume, but in any case there is no large radiolucent area that would be expected from a 
non-wetted mesh. 
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2.3 Conclusions  
Returning to the design criteria outlined in the introduction, we have been largely 
successful in achieving the stated aims. The layered architecture enabled a lower drug 
release initially (9±6% released at 9 days) followed by a more rapid release (to 49±3% at 
29 days). The composition of the shield layer can also be used to further control drug 
release rate.  The meshes retain the flexible electrospun form with its ability to hold 
staples and sutures demonstrated previously.11 Finally, the histology results showed no 
adverse reaction to mesh implantation and minimal inflammation, and increases in tumor-
free and overall survival were demonstrated. 
In summary, we have developed superhydrophobic, layered meshes that provide 
controlled release of chemotherapeutics under simulated physiologic conditions. The 
multi-layered meshes of various thicknesses, fiber diameters, and polymer compositions 
are prepared using the electrospinning technique, and we can control the fiber diameter 
and polymer blend in each layer. Building off of the idea to control the metastable state 
of the superhydrophobic material, we extended total drug release time by layering drug 
within a central layer that provides a delay before initial drug release. We demonstrated 
through imaging and release studies that the non-wetted Cassie-Baxter state persists for a 
prolonged and tunable period of time, though not indefinitely under rigorous conditions, 
and that drug release closely followed wetting of drug-containing layers. We showed the 
tunability of drug release kinetics from this system by varying polymer hydrophobicity, 
drug content, and thickness of each layer. The extended in vitro cytotoxicity results 
support this release profile and confirm the utility of the layered structure. Next, 
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histology after implantation showed the unloaded and SN-38 loaded meshes do not elicit 
an adverse response over 28 days. Finally, we showed that while superhydrophobic 
meshes containing SN-38 were not effective in increasing tumor-free or overall survival, 
meshes containing paclitaxel were somewhat effective but likely still wet within a few 
days. Future studies will need to investigate the true wetting rate in vivo and develop 
materials hydrophobic enough to maintain the Cassie-Baxter state over longer times. 
The results presented here advance both basic and translational research. 
Superhydrophobic materials possess unique properties, but maintaining the Cassie-Baxter 
state indefinitely is rarely possible, so instead exploiting the metastability of that state as 
shown in this study presents an opportunity for additional control of drug release from 
polymeric devices. In so doing, these superhydrophobic meshes provide a local drug 
source with a robust and tunable means of controlling drug loading, sequence and rate of 
release. Localized drug delivery has and will continue to have an impact on patient care 
and the treatment of early stage lung cancer is one area where device ideas, such as 
described herein, may provide optimized drug dose and duration while minimizing 
systemic side effects.  These results provide a proof of concept for a new mode of drug 
delivery to prevent local lung cancer recurrence.  
 
2.4 Supplementary Results 
Mesh thickness was controlled by varying electrospinning time using fixed 
syringe speed (10 ml/hr), translation distance (6 cm), and rotation rate (60 Hz). The 
thickness of meshes which resulted from varying times was measured by removing 
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meshes from the aluminum foil and measuring thickness using a micrometer, and 
creating the calibration curve as shown in Figure 21.  
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Figure 21. Mesh thickness over time for three different polymer blends.  
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Table 2. Mesh names with thicknesses, compositions, fiber diameters and contact angles 
of each layer. 
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Figure 22. SN-38 release rate per mesh area into a 10% FBS solution under agitation, 
calculated from three point (30300 core) or four point (30-PCL90-30 and 30-30300-30) 
moving averages. This is the derivative of the data shown in Figure 13. 
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Figure 22 is the derivative of Figure 13, smoothed by moving averages and 
converted to drug release rate per area per day. In this form it is clear that the un-layered 
30300 core mesh releases only within the first few days, whereas the layered 30-PCL90-30 
and much more the 30-30300-30 extend the release rate over a longer time, each peaking 
at around 13 days. 
To confirm the applicability of the layered meshes in surgical resection, we have 
employed a cutter-stapler on a layered mesh and imaged using SEM as shown in Figure 
23.  
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Figure 23. SEM images of a layered mesh after cutting with a cutter-stapler, showing 
both a clean separation and conformation to the staples. The scale bars are 200 µm. 
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A further study of media infiltration was performed (in triplicate) on the 30-
PCL90-30 mesh in 10% FBS with agitation, which also showed rapid wetting of the core 
layer, as shown in Figure 24. The shield layers of this mesh were not wetted as rapidly as 
those shown in Figure 14. 
Further images of in vivo reactions to SN-38 injection (92 µg, explanted at day 
28) are shown in Figure 24 and Figure 25. Subcutaneous injections of 92 µg SN-38 
(dissolved in 100 µL cremophor-ethanol) caused myolysis and fibrosis and vascular wall 
thickening with increased collagen that was not observed in animals receiving either 
unloaded or SN-38 loaded meshes. 
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Figure 24. Media infitration into the 30-PCL90-30 mesh, showing the drug-loaded core 
wetting quickly, comparable to the rate of the 30-PCL300-30 mesh, as expected. 
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Figure 25. Abdominal wall of control rats with subcutaneous injection of SN-38 
exhibited areas with increased fibrosis, myolysis, and/or perivascular fibrosis and 
vascular wall thickening. The dose was the same as contained in the mesh shown in 
Figure 10, 92 µg (dissolved in 50µL cremophor-ethanol). The scale bar is 200 µm.  
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Figure 26. Increased detail of Figure 25, showing the SN-38 injection site with 
generalized and perivascular fibrosis in the lower right. 
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CHAPTER 3: Surface Tension Triggered Wetting and Point of Care Sensor Design 
 
Adapted from Falde, E. J., Yohe, S. T. & Grinstaff, M. W. Surface Tension Triggered 
Wetting and Point of Care Sensor Design. Adv. Healthcare Mater. 4, 1654–1657 (2015).  
 
3.1 Introduction 
The wetting of a solid surface by a liquid is a common but intriguingly complex 
phenomenon.138-140 The surface chemistry and topology as well as the pH, ionic strength, 
and additives in the liquid can affect the degree to which a surface is wetted - with minute 
changes often having significant effects.  In fact, the wetting of materials with high 
surface roughness is especially sensitive to the surface tension of liquids with which they 
are in contact.141,142 With the knowledge that changes in the surface tensions of biological 
fluids are indicators of medical conditions,143-145 we hypothesize that a sensor could be 
designed that switches between wetted and non-wetted states with liquids of a specific 
surface tension. Specifically, we report a sensor based on a two-layer electrospun 
polymer mesh composed of a top responsive layer that responds to small changes in 
liquid surface tension to form a wetted or non-wetted material, and the bottom 
hydrophilic indicator layer that reveals a color change when wetted to aid visualization, 
as shown in Figure 27. Electrospun meshes of varying fiber diameters, pore sizes, and 
polymer compositions were fabricated to alter the surface free energy. If the solid-air and 
solid-liquid interfacial surface tensions are similar, a small change in liquid surface 
tension can cause a transition from a high apparent contact angle, heterogeneously wetted 
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state (Cassie-Baxter state) to complete, homogeneous wetting (Wenzel state),141,142 which 
is the basis for the sensitivity of our system. Changes in both the liquid-air and liquid-
solid interfacial tensions contribute to this effect, and both are lowered as surfactant 
levels increase. As prototypical examples, two sensors are prepared and evaluated to 
detect surface tension changes in human breast milk fat (45-48 mN/m) and urinary bile 
acid levels (50-54 mN/m), of interest for ensuring adequate nutrition to infants and for 
detecting chronic liver disease, respectively.  
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Figure 27. Diagram of the surface tension sensor mesh.  A test droplet either a) remains 
non-wetted on the upper responsive layer, or b) wets to the hydrophilic dye-containing 
indicator layer and changes color. c), d) Structure of the polymers used, where R=H for 
PGC-OH or R=C(O)C17H36 for PGC-C18 e) SEM image of an example mesh, 
demonstrating 1.5 ± 0.6 µm diameter fibers of the responsive layer above the 190 ± 60 
nm diameter fibers of the indicator layer. Scale bar is 10 µm. 
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Rapid, simple, and inexpensive point-of-care (POC) medical tests are urgently 
needed in the developing world as well as in home care settings and in walk-in clinics.146 
POC applications demand portable and inexpensive tests using easily collected bodily 
fluids that do not require trained medical personnel. Consequently, sensors employing 
paper microfluidics, colorimetric indicators, mobile phone-based detection,147-152 as well 
as portable electrochemical sensors are actively investigated.153-156 Much of this work 
also utilizes hydrophobic or superhydrophobic materials to transport and support 
microliter volumes of liquid.157,158 Alternatively, surfaces are designed to change 
hydrophobicity in response to stimuli such as ion exchange87,159,160 pH,70 or UV 
exposure.71,161 Inspired by the research in these areas, the approach described herein 
distinguishes itself by focusing on fine-tuning the wetting event to within 2-3 mN/m 
using electrospun meshes. 
The US Surgeon General recommends exclusive breastfeeding infants for the first 
6 months of life, yet 83% of mothers do not,162 usually out of concern that their breast 
milk is not providing adequate nutrition and calories compared to formula.163 In addition 
to reassuring mothers, measuring the calorie content of breast milk is crucial in managing 
low-birth-weight, preterm, and “failure to thrive” infants. For example, in the US low-
birth weight babies represent about 8 percent of the 4 million newborns; preterm babies 
represent about 11 percent; and 5-10% of infants receiving primary care show signs of 
“failure to thrive”.164,165 The most common methods for measuring breast milk fat levels 
require a centrifuge or HPLC166 and therefore are often too expensive and bulky to 
employ in a home or field setting. Milk lipids are effective surfactants, lowering the 
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surface tension from 47.3 ± 1.2 mN/m for low calorie (skim) milk to 41.9 ± 1.1 mN/m for 
high calorie (whole) milk.167 To create a high specificity sensor, we chose to design 
meshes that wet at 45.0 mN/m but remain non-wetted at 48.0 mN/m. 
Likewise, the surface tension of normal urine (57.1 ± 1.5 mN/m) is determined by 
the concentration of surfactants such as bile acids,168,169 (normally 1.1 ± 0.5 µM,) which 
are increased for example to 30.0 ± 20.6 µM in biliary stenosis,170 and to 151 ± 15 µM in 
chronic liver disease,171 reducing the surface tension of urine below 50 mN/m in both 
cases. Chronic liver diseases are major causes of morbidity and mortality worldwide, 
affecting millions.172 Additionally, it has been observed as early as Hippocrates that urine 
is more apt to foam when a patient has proteinuria, making urinary surface tension also a 
useful indicator of kidney function.145 Therefore, we chose to design a high selectivity 
urine sensor mesh that wets at 50 mN/m but remains non-wetted at 54 mN/m.  
 
3.2  Materials and Methods 
Poly(ε-caprolactone) (PCL; Mw = 70-90 kDa) is the main polymer component of 
the meshes, doped with either a hydrophobic poly(glycerol monostearate-co-ε-
caprolactone) (PGC-C18; 1:20 glycerol carbonate:caprolactone; Mw = 31.3 kDa, ĐM = 
1.47) or a hydrophilic poly(glycerol-co-ε-caprolactone) (PGC-OH; 1:20 glycerol 
carbonate:caprolactone; Mw = 22.9 kDa, ĐM = 1.32), prepared following our published 
procedure.120 Non-woven meshes are fabricated from these polymer mixtures using 
electrospinning, a scalable manufacturing technique that draws out fibers from a polymer 
solution under high voltage.173,174 The indicator layer always includes the same 
		
75 
component, 85 or 90% PCL with 5 or 10% PGC-OH (1:4) by weight with 5% 
bromocresol purple. The milk sensor responsive layer is 7.5% PGC-C18 and 92.5% PCL 
by weight, and the urine sensor responsive layer is 5% PGC-C18 and 95% PCL. The 
resulting layered structure is shown in Figure 27e, where the sensor layer is thin enough 
to observe a rapid color change after wetting.  Contact angle and surface tension 
measurements are made on a Kruss DSA100 Goniometer at 22.5 ± 1.5˚C, using 3 µL 
droplets and the Laplace-Young fitting method. Given enough time, all tested mixtures 
wet to the indicator layer (the energy minimum being a fully wetted hydrophilic layer) so 
we measure the time until the apparent contact angle θ* is <90˚, after which wetting is 
rapid.141,142 Maintaining long-term stability of superhydrophobic surfaces remains 
challenging,175 so we use this measure of apparent contact angle combined with color 
change to measure the time until transition from Cassie-Baxter to Wenzel states. 
Mixtures of water with propylene glycol are used to test wetting, due to their low 
volatility and well-characterized surface tensions.176 
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Figure 28. Wetting behavior of sensor meshes with 3 µL droplets of propylene 
glycol/water mixtures. a) Meshes with varying hydrophobicity of the responsive layer 
wet or support propylene glycol/water mixtures of different surface tensions. b) The mesh 
for milk measurement immediately wets with liquid at or below 45 mN/m but has 
apparent hydrophobicity at 48 mN/m for 4.8 ± 0.3 min. c) The mesh for urine 
measurement is immediately wets (0.05 ± 0.09 min) at or below 50 mN/m but has 
apparent hydrophobicity for 8.3 ± 3.6 minutes at 53 mN/m. Error bars represent standard 
deviations (n≥5). d) Histogram demonstrating the distribution of wetting times on the 
mesh for urine measurement with 53, 52, and 50 mN/m (n=6 for 52 mN/m, n=16 for 53 
and 50 mN/m). The Mann-Whitney U-Test is used to compare 50 mN/m wetting times to 
those at 52 mN/m (p = 1.3*10-4) and 53 mN/m (p = 3.9*10-7), and Student’s t-test to 
compare 52 to 53 mN/m (p = 1.2*10-3). 
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3.3 Results and Discussion 
 As shown in Figure 28a, the sensor range can be tuned between 45 and 65 mN/m 
by altering the polymer composition and fiber diameter. As Figure 28b and c show, the 
meshes tuned to detect surface tensions in the range of milk and urine respectively 
showed large changes in wetting times, transitioning from immediate wetting to many 
minutes of non-wetting within just a few mN/m. The distribution of wetting times for the 
urine sensor mesh with 50, 52, and 53 mN/m solutions is shown in Figure 28d. The lack 
of overlap between the wetting times using 50 mN/m with those of 52 or 53 mN/m 
indicates high sensitivity and specificity (Mann-Whitney U-test < 0.001).  
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Figure 29. Detection of urinary bile acids and milk fat content. a), the droplet on the left 
has high bile acids (50 mN/m) and wets quickly, changing color while the lower bile acid 
droplet on right (54 mN/m) remains unwetted and clear. b) A droplet of human breast 
milk diluted 1:2 on left compared to normal human breast milk on right, demonstrating 
wetting and color responses over 2.5 minutes. Scale bars are both 2.0 mm and droplets 
are 3 µL. 
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As proof of concept, we tested human urine (Innovative Research, Novi, MI) after 
adding a bile acid (deoxycholic acid, Alfa Aesar) until the surface tension as measured by 
the pendant drop method was either 54 mN/m (healthy) or 50 mN/m (diseased state).  As 
shown in Figure 29a, normal, healthy urine remained on the surface and did not wet the 
sensor mesh while the 50 mN/m urine wetted the mesh and turned it purple. More details 
regarding the timing of color change can be found in the SI. 
We next tested the utility of a sensor mesh to distinguish normal from low-fat 
breast milk. Using normal human breast milk (Innovative Research) compared to breast 
milk diluted 1:2 with deionized water, Figure 29b shows that the former wetted and 
became purple whereas the latter remained non-wetted and white. These tests validated 
that the propylene glycol mixtures modeled urine and milk mixtures well, and that 
properly tuned sensor meshes can resolve surfactant levels in simulated clinical samples. 
As with any diagnostic system, there are limitations to this approach. First, liquid 
surface tensions vary with temperature (~1 mN/m for every 6.5˚C for water177) and 
humidity,178 and so these must be accounted for or controlled. Second, in bodily fluids 
there are many agents that act as surfactants and a measurement of overall surface tension 
does not distinguish between them. However, surface tension could be used as a first 
screen prior to more costly tests or procedures, especially given the simple system 
demonstrated here. Finally, the instructions for use will include a time window as the 
non-wetted state is a metastable phenomenon, but this is standard for a number of point-
of-care sensors such as pregnancy and ovulation tests.  
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In summary, we report electrospun sensor meshes that visibly switch between 
non-wetted and completely wetted states within a range of 2-3 mN/m. A pH-indicating 
dye incorporated into the bottom, hydrophilic layer highlights wetting and aids 
identification with the naked eye. Two prototype sensor meshes, each tuned to a different 
surface tension detection range, are designed, evaluated, and tested with human breast 
milk and urine samples. The sensor mesh system presented here is tunable to a specific 
surface tension for monitoring different liquids and is inexpensive to fabricate, portable, 
simple to use, requires no power and only a small sample volume, and therefore may lend 
itself well to point-of-care diagnosis or self-monitoring at home or in the field.  
 
3.4 Supporting Information 
To prepare the sensor mesh, PCL is purchased (Sigma, 70-90 kDa) while PGC-
C18 and PGC-OH are synthesized following a previously published procedure,120 with 
the exception that the 5-benzyloxy-1,3-dioxan-2-one and ε-caprolactone monomers are 
polymerized at a molar ratio of 1:20 for the dopants in the responsive layer. This lower 
ratio reduces the hydrophobicity or hydrophilicity of the dopant to allow for more reliable 
tuning in the desired ranges. The PGC-OH in the indicator layer did not need such mild 
hydrophilicity, so the monomer ratio for that polymer was 1:4. By GPC compared to 
polystyrene standards, PGC-C18 has MW of 31.3 kDa and dispersity of 1.47, the PGC-
OH (1:20) has MW of  22.9 kDa and dispersity of 1.32, and the PGC-OH (1:4) has MW of 
76.0 kDa and a dispersity of 1.36. 
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All polymer solutions are electrospun at 140, 150, or 175 mg/mL in 
chloroform:methanol (5:1). For all meshes, the indicator layer included the same 
component, 85 or 90% PCL with 5 or 10% PGC-OH by weight with 5% bromocresol 
purple, a pH indicator dissolved at 150 mg/mL. The milk sensor responsive layer is 7.5% 
PGC-C18 and 92.5% PCL by weight, and the urine senor responsive layer is 5% PGC-
C18 and 95% PCL, as listen in Table 3. To electrospin, the responsive and indicator 
solutions are pumped through 20G needles at 5 ml/hr while voltages from 13 – 18 kV are 
applied, either simultaneously or indicator solution alone for the first 5 minutes to form 
the indicator layer, then the voltage and flow to the indicator needle is stopped, and the 
sensor layer alone is electrospun for a time: 5 minutes for the milk sensor mesh and 2 
minutes for the urine sensor mesh. To illustrate the differences in fibers from these two 
solutions, for the mesh shown in Figure 27e the indicator layer was electrospun alone, 
but meshes are more mechanically robust if the responsive solution is electrospun 
throughout, as the milk and urine sensor meshes were. 
 
Table 3. Electrospinning conditions and compositions for meshes, and the resulting 
detection ranges. 
 Indicator layer 
time, flow 
rates 
Indicator layer 
co-spun with 
responsive? 
Responsive 
layer solution, 
composition 
Responsive 
layer time, 
flow rates 
Responsive 
layer fiber 
diameter 
Mean detection 
range 
(5 min – 0.5 min) 
Milk Sensor  5% PGC-OH 
(1:4), 5% BCP 
Yes 150 mg/mL,  
5.0% PGC-C18 
(1:20) 
5.0 mL/hr,  
5.0 min 
6.0 ± 1.4 
µm 
49 - 45 mN/m 
Urine Sensor  5% PGC-OH 
(1:4), 5% BCP 
Yes 140 mg/mL, 
5.0% PGC-C18 
(1:20) 
5.0 mL/hr,  
2.0 min 
1.6 ± 0.7 
µm 
53 – 50 mN/m 
Layering 
demonstration 
10% PGC-OH 
(1:4), 5% BCP 
No 140 mg/mL 
5.0% PGC-C18 
(1:20) 
5.0 mL/hr, 
1.5 min 
1.5 ± 0.6 
µm 
63.5 – 57.5 
mN/m 
Water Sensor 10% PGC-OH 
(1:4), 1% BCP 
No 175 mg/mL, 
7.5% PGC-OH 
(1:20) 
7.5 mL/hr,  
4.0 min 
3.5 ± 0.2 
µm 
63.5 – 61.5 
mN/m 
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Figure 30. Top and section SEM images of milk and urine sensor meshes. The milk 
sensor is on the left, and the urine sensor is on right, and the lower cross-sectional views 
are oriented with the top responsive layers facing up, and scale bars are 20 µm. 
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Figure 31. Published distribution of milk surface tensions (on left), and the resulting 
ROC curves, sensitivity, and specificity for different surface tension resolutions between 
2 and 4 mN/m. 
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Figure 32. The published and extrapolated distribution of urinary surface tensions (on 
left) and the resulting ROC curves for different surface tension sensor resolutions. 
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Given the published distribution of surface tension between whole and skim milks 
and the ability to resolve differences between surface tensions by observing wetting 
times, sensors of different sensitivity and specificity can be predicted. The milk mesh 
characterized here was designed for high specificity (at the cost of sensitivity), though as 
shown in Figure 31, this can be tuned as desired. 
 There are less data on the surface tension of urine with elevated bile acids, but 
extrapolating from Mills169 to the 20 µM range indicated by Trottier,170 we assume a 
mean of 48 mN/m with the same standard deviation as the normal level168 at 57.1 ± 1.5 
mN/m. Figure 32 shows these two distributions and the resulting ROC curves for 
different surface tension sensor resolutions, as well as the point for the urine sensor 
characterized here. 
To create models of diseased and normal urine, the bile acid deoxycholic acid is 
added to pooled normal human urine (Innovative Research, Novi, MI) until the surface 
tensions as measured by the pendant drop method are 50 and 54 mN/m, which requires 
concentrations of 240 and 96 µM, respectively. Using a camera mounted overhead 
(Nikon D3200) with fixed manual settings, photos of the droplets are taken every 5 
seconds, as shown in Figure 29. Additional analysis of these photos using ImageJ 
quantifies the mean brightness of fixed areas in each droplet (a circle of 1.70 mm2 in 
each, nearly the entire droplet) over time. As shown in Figure 33, the urine droplet with 
lower surface tension rapidly gets darker on the mesh sensor from the dissolving 
indicator dye while the droplet of higher surface tension remains clear. This is a 
quantification of the overhead images shown on the right in Figure 29.  
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Figure 33. Brightness of urine droplets over time (of the trial shown in Figure 3), 
indicating the appearance of the purple dye color only in the low surface tension, high 
bile acid (deoxycholic acid) droplet.
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CHAPTER 4: Rapid Alcohol Content Measurement by Simple Sensor Meshes 
4.1 Introduction 
Quantification of alcohol in alcoholic beverages is required for commercial sales 
and is also of great interest for homebrewers and wine enthusiasts. There have been many 
techniques developed for alcohol measurement including densitometry, refractometry, 
infared spectroscopy, boiling point determination, enzymatic methods, distillation 
followed by chemical oxidation, and gas chromatography.179-183 While we are hesitant to 
add to that long list, we propose using simple surface tension-based sensors to measure 
ethanol content in beverages as this can avoid the needs for large sample volumes, 
expensive equipment, and labor-intensive processing that the other techniques require.  
Ethanol is the component that most reduces surface tension in wine,184,185 
beer,186,187 and spirits.188,189 In wine, a thorough multivariate analysis found that surface 
tension alone could predict alcohol content as well as a model containing many solute 
levels including protein, sugar, and tannins.185 Surface tension has been used for alcohol 
determination in vinometers, thin tubes in which the capillary rise is measured, but these 
suffer from a lack of accuracy when not clean or when sugars are present.190 More 
accurate and repeatable surface tension measurements generally require an expensive and 
difficult to use tensiometer, and therefore the technique is not often used. Here we report 
an alternative method using a simple surface tension sensor composed of a mesh on 
which a droplet of just a few microliters can be placed, which will either remain ‘beaded 
up’ with a high contact angle or be rapidly absorbed. This difference in wetting state, 
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highlighted by a color change, allows rapid, instrument-free quantification of alcohol 
content using only a few microliter samples taken at one point in time.  
Contact angle is a function of surface hydrophobicity and air-liquid surface 
tension. Rough surfaces have exaggerated apparent contact angles when fully wetting or 
when partially wetted, as described by the Wenzel and Cassie-Baxter states, 
respectively.17,191 The transition between these two wetting states occurs at a specific 
surface tension and causes a large change in apparent contact angle, and is the basis for 
the sensitivity of our sensors, as we have reported previously.83 The top, ‘responsive’ 
layer wets with liquids only below a specific surface tension, after which the hydrophilic 
lower ‘indicator’ layer wets completely and causes a color change due to incorporated 
bromocresol purple dye. Sensors with responsive layers tuned to different critical surface 
tensions can detect liquid surface tensions and therefore the alcohol contents.  
 
4.2  Materials and Methods 
The sensor meshes are composed primarily of poly(ε-caprolactone) (PCL), which 
is purchased from Sigma (70-90 kDa), doped with varying amounts of hydrophilic poly 
glycerol-co-ε-caprolactone) (PGC-OH) or hydrophobic poly(glycerol monostearate-co-ε-
caprolactone) (PGC-C18). The PGC-OH and PGC-C18 (both 1:4 monomer ratios) are 
synthesized according to a published procedure120 and have MW of 76 and 39 kDa, and 
dispersities of 1.36 and 1.57, respectively. All solutions are dissolved in 
chloroform:methanol (5:1) and pumped through 20 ga. needles at 3 mL/hr with an 
applied voltage of 10-15 kV, and collected on aluminum foil on a grounded, slowly 
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rotating and translating barrel. The indicator solution is 5% bromocresol purple (a pH 
indicator which provides the color change), 5% PGC-OH, and 90% PCL by weight 
dissolved at 150 mg/mL, and is electrospun on an area of 160 cm2 for 15 minutes. The 
solutions for the responsive layers are between 3 and 50% PGC-C18 at dissolved at 150 
mg/mL, and are electrospun at the same time as the indicator layer for the first 30 
seconds (to prevent delamination), then for varying time afterwards, between 5 and 15 
minutes. The detailed electrospinning parameters and mesh measurements are listed in 
Table 4. Note that all of the meshes have very high advancing contact angles, placing 
them in or quite close to the superhydrophobic category. 
Surface tensions are measured in quintuplicate by the Wilhelmy Plate method on 
a Kruss K11 tensiometer using flame-cleaned glass cover slips. Contact angles are 
recorded on video by a Kruss DSA100 goniometer using Laplace-Young fitting and all 
droplets are 3 µL at 21 - 23˚C, and wetting is defined as apparent contact angle <90˚.  
Color photographs are taken at 1/15 fps with a Nikon D3200 and macro lens. Model 
spirits consist of simply ethanol (100% ABV, 200 proof) and distilled water. Model 
wines are commercial wines with advertised alcohol by volume (ABV) of 12.5 - 14.0%, 
both directly from the bottles and with added 200 proof ethanol. Details on the wine types 
can be found in Table 5.  
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Table 4. Details for the top responsive layer and the bottom indicator layer 
electrospinning parameters: polymer blend, time electrospun, and fiber diameter for each 
layer, and the advancing and receding contact angles on the responsive layer.  
Name Code 
Indic. 
PGC-
OH (%) 
Indic. 
time 
(min) 
Indic. 
diam. 
(µm) 
Resp. 
PGC-
C18 (%) 
Resp. 
time 
(min) 
Resp. 
diam. 
(µm) 
Adv. 
CA (˚) 
Rec. 
CA (˚) 
Mesh #1 #271-3 5 15 0.67 50 5 0.96 151±1 74±2 
Mesh #2 #286-3 5 15 0.67 3 15 1.8 144±2 122±7 
Mesh #3 #288-6 5 15 0.67 3.75 7 2.2 147±1 96±9 
Mesh #4 #288-1 5 15 0.67 3.75 8 2.2 149±6 105±13 
          
 
Table 5. Wines tested to form data in Figure 34 and Figure 35. 
Vinter Type Year ABV (%) 
D. Violon Cotes du Rhone 2014 12.5 
Machadinho Vinho Tinto 2014 13 
Trader Joe’s Chilean Merlot 2014 13 
Old Moon Zinfandel 2013 13.5 
Casillero del Diablo Cabernet Savignon 2014 13.5 
Pagos de Tahola Rioja 2007 14 
 
4.3  Results and Discussion 
As shown in Figure 34A, a droplet on Sensor Mesh #1 transitions from a stable 
non-wetting Cassie-Baxter state (though eventually limited by evaporation) to a rapidly 
wetting Wenzel state as the alcohol content increases by only 2% in model spirits. The 
inset Figure 34B demonstrates the clear change in wetting state highlighted by the dye 
release in commercial vodkas of 80 and 100 proof, 80 and 60 seconds after addition, 
respectively.  
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Figure 34. The wetting response of sensor Mesh #1 can resolve a 2% ABV difference at 
high alcohol content. Inset, a demonstration of discrimination between commercial 80 
and 100 proof vodkas; the scale bar is 3 mm. 
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Figure 35. A) Commercial wines decrease in surface tension as alcohol is added. B) The 
wetting response of three sensor meshes to alcohol content, each sensor resolving 1% 
ABV. The asterisks represent a significant (p < 0.01) difference from zero. 
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Wines decrease predictably in surface tension with alcohol content as shown in 
Figure 35A, as has been reported.185 Three meshes of varying construction are wetted by 
wines of different alcohol contents, as shown in B. The combination of the three allows 
determination of alcohol content to <2% ABV between 12.5 and 16% ABV. The alcohol 
contents shown here assume the commercially reported values are precise, though in the 
U.S. they are allowed to be ±1.0%, or  ±1.5% above 14.5%. This variation may 
contribute to the large variation in wetting times on each sensor, as the within-wine 
variation is much lower (data not shown). The time to wet on three different sensor 
meshes as a function of wine alcohol content is shown in Figure 35B. The asterisks 
represent a significant (both t-test and Mann-Whitney U-Test p < 0.01) difference in 
wetting time from alcohol contents 1.0% higher, which were all <0.1 min. 
The structure of the sensor meshes is shown in Figure 36. The top responsive 
layer is composed of fibers of with varying amounts of the more hydrophobic PGC-C18, 
while the bottom indicator layer is smaller, hydrophilic fibers with PGC-OH and 
bromocresol purple dye. If droplets from an unknown sample are placed on an array of 
sensors that wet at different surface tensions, the alcohol content in the sample can be 
determined, as shown below.  
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Figure 36. SEM images of the four sensor meshes. Scale bars are 10 µm.  
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Example photos of this clear change in wetting state on the alcohol sensor meshes 
are shown in Figure 37. Sensor meshes with increasing hydrophobicities are wetted by 
wines of increasing alcohol contents, at which point the wine dissolves the bromocresol 
purple dye in the lower layer and turns the sensor orange. In every case the wetting 
occurred within 30 seconds, and the non-wetting droplets remained for at least 7 minutes. 
This time difference is large enough to be discerned without a timer, and the color change 
allows detection of wetting by the naked eye, so a pipette the only equipment needed for 
this detection. 
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Figure 37. Alcohol sensors resolving 0.5% ABV differences in a commercial wine with 
added alcohol. Top, Mesh #2 remains non-wetting with a commercial wine at 12.5% 
ABV, but at 13.0% ABV the wine rapidly wets and changes color. Middle, similarly, 
Mesh #3 remains non-wetting with 14.5% and 15% but wets at 15.5% ABV. Bottom, 
Mesh #4 wets when the wine ABV is greater than 15%. Photos shown are 5 minutes after 
droplet addition, and scale bars are 5 mm. 
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However, the drawbacks of this technology currently are predictability of 
manufacture and robustness. The alcohol content at which each sensor begins to wet at 
this point has not been predictable from the composition, requiring instead a process of 
trial and error. A thorough study of the effects of responsive layer thickness, fiber 
diameter, and polymer blend as well as humidity and temperature on wetting would 
improve this. Secondly, the readings are sensitive to temperature and physical damage. A 
14.0 vol% ethanol solution in water decreases by ~0.4 mN/m for every 3˚C increase, 
equivalent to ~0.5 vol% increase,188 so temperature must be accounted for or controlled. 
If the pipette contacts the surface the mesh will be damaged, possibly creating a false 
positive reading, so a cover for the sensors may be necessary to prevent this. Any 
material with high porosity and well-controlled geometry should exhibit the same 
sensitivity so employing manufacturing techniques other than electrospinning may also 
improve predictability as well as robustness.  
 
4.4 Conclusions 
Winemakers and distillers can employ a variety of techniques for measuring 
alcohol content, but most require expensive equipment or acceptance of low accuracy. 
Surface tension is normally too difficult to measure in this setting, but in both it is well 
correlated with alcoholic content. A simple to use and inexpensive sensor mesh may 
change this calculation, and allow rapid and more accurate quantification of alcohol 
content. 
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